A preliminary study of a promising bi-layer environmental barrier coating (EBC) designed to reduce the susceptibility of SiC composites to hot water vapor erosion is reported. The EBC system consisted of a silicon bond coat and a pore-free ytterbium disilicate (YbDS; Yb 2 Si 2 O 7 ) topcoat. Both layers were deposited on a-SiC substrates using a recently optimized air plasma spray method. The two layers of the coating system had coefficients of thermal expansion (CTE) that were well matched to that of the substrate, while the YbDS has been reported to have a moderate resistance to silicon hydroxide vapor forming reactions in water vapor rich environments. Thermal cycling experiments were conducted between 110
Introduction
Environmental barrier coatings (EBCs) will be needed to protect SiC-based ceramic components in future gas turbine engines [1] . Their primary purpose is to eliminate the rapid volatilization of SiC in water vapor rich environments [1e6], while also inhibiting oxidation of SiC-based ceramic matrix composites (CMCs) [7e12] . The design of these EBCs is therefore driven by a different combination of objectives to those of the thermal barrier coating (TBC) systems that are widely used to extend the life of superalloy airfoils [13] . The objective of TBC designs is to reduce a metal component's surface temperature while delaying delamination failure from oxidation [14, 15] , reactions with molten silicate deposits [16, 17] and various forms of hot corrosion [18e23] . However, unlike TBC systems where coating spallation results in damage, but usually not loss of the airfoil, the premature failure of an EBC could have consequences that are much more serious, since the life of an unprotected SiC component in a combustion environment is likely to be short [2,3,24e26] . Since no sufficiently durable EBC system for use in thermo-cyclic, water vapor rich environments has been reported to date, the development of such a coating system is of considerable importance for the implementation of SiC-based CMCs in advanced gas turbine engines.
For non-rotating applications involving several thousand hours of environmental exposure at temperatures up to 1316 C (2400 F), research has focused on multilayered EBC systems that use a Si "bond coat" applied to the SiC. The design objective for the bond coat is similar to that of the aluminum-rich metallic layer used in TBC systems [27] . It serves as a sacrificial layer that forms a protective thermally grown oxide (SiO 2 ) upon exposure to oxidizing species, thereby inhibiting their access to the SiC-based component surface. However, volatilization of the protective oxide occurs by its reaction with water vapor to form gaseous silicon hydroxides such as Si(OH) 4 . The bond coat must therefore be covered (environmentally protected) by materials that impede the diffusion of oxygen and water vapor to the Si surface, while being highly resistant to silicon hydroxide forming reactions with water to avoid steam volatilization during engine operation [1,25,28e38] .
These design objectives must be achieved subject to numerous constraints. For example, the various layers of the EBC system must have a coefficient of thermal expansion (CTE) similar to SiC to avoid cracking or delamination during heating and cooling over the wide temperature range experienced during operation of a gas turbine engine [32, 33] . The EBC materials must be stable and thermochemically compatible so that deleterious reaction products are not formed between them or with the substrate. In addition, they must meet other demands of the engine environment which include resistance to erosion by fine (dust) particles [39e42], impact by larger foreign objects [41e43] and survival of reactions with molten calcium-magnesium-aluminum-silicates (CMAS) [44e48] . Finally, when used on rotated components, EBCs will be required to sustain significant static and cyclic loads that could cause creep deformation and fracture [22,35e37,49e52] . This use environment is therefore one of the most severe ever envisioned for an advanced material system.
The environmental stability, CTE, and elastic modulus of many candidate EBC materials have been reviewed [1, 30, 34, 53] . The ytterbium monosilicate (Yb 2 SiO 5 )/mullite (Al 6 Si 2 O 13 )/Si tri-layer system has received significant recent attention due to the thermochemical compatibility between its component materials and the very low steam volatility of Yb 2 SiO 5 (YbMS) [53] . However, the CTE of YbMS has been found to be substantially higher than that of SiC (7.5 Â 10 À6 C À1 for YbMS versus 4.7 Â 10 À6 C À1 for SiC) [1, 34] .
During cooling from 1316 C, this was found to result in the development of a high (biaxial) tension in the YbMS layer, which was relieved by channel (mud) cracking [32, 33] . The presence of cracks through the YbMS and mullite (which also has a higher CTE than that of SiC) layers then provided oxidizing species a gas phase transport path to the Si bond coat, resulting in the rapid growth of a b-cristobalite (SiO 2 ) phase on the outer silicon surface. The thermally grown oxide (TGO) also underwent a large reduction in volume (~4.5%) during its cubic to tetragonal (inversion type) b / a phase transformation upon cooling through~220 C, resulting in severe TGO microcracking, loss of its oxidation protection qualities, and premature spallation of the EBC. [47] .
YbDS therefore satisfies one of the primary design requirements of an EBC application. However, its resistance to volatilization by reactions with water vapor is significantly less than that of its monosilicate counterpart [53] , and its thermochemical stability in contact with a Si bond coat has not been reported. A recent study has led to the identification of an optimized atmospheric plasma spray (APS) deposition method for applying YbDS coatings to Si bond coat protected SiC substrates [54] . The objective of the preliminary study reported here is to begin an investigation of the thermomechanical and environmental response of an APS deposited YbDS/Si EBC system on a SiC substrate as it is subjected to thermal cycling between 110 C and 1316 C in a flowing steam/oxygen environment. The study reports and characterizes the growth of a TGO layer on the silicon bond coat during steam cycling for up to 2000 h, and estimates the diffusion coefficient of the oxidizing species through the YbDS coating. It reports and investigates the process by which the topcoat is partially volatilized during steam cycling, and explores the mechanism by which edge coating failure eventually occurs during thermal cycling in a water vapor rich environment. This EBC system is the first to be reported with sufficient resistance to volatilization and thermal cycling for an engine application.
Experimental

Coating deposition
Bi-layer YbDS/Si coatings were deposited onto surface roughened 25.4 mm Â 12.7 mm x 4.8 mm thick a-SiC Hexoloy™ substrates (Saint Gobain Ceramics, Niagara Falls, NY), Fig. 1 . The substrate edges were first ground forming a 45 chamfer to facilitate over-coating the edges of the sample where delamination most often initiates [32, 32] . The target thickness of the silicon layer was 50 mm while that of YbDS layer was 125 mm. The plasma spray deposition parameters used for each layer are summarized in Table 1 . The structure of as deposited and stabilization annealed YbDS layers deposited using this spray parameter combination has been recently reported by Richards et al. [54] These spray parameters resulted in a dense YbDS coating with as deposited grain size of several hundred nanometers. During thermal cycling at 1316 C, this gradually increased to~5 mm. These spray conditions were chosen as a compromise to ensure deposition of low void content coatings while limiting the loss of SiO from the liquid droplets during transit through the plasma plume. This SiO loss is a result of its higher vapor pressure (compared to ytterbium containing vapor species) at the droplet temperatures encountered in plasma spray deposition [34] . It results in the formation of a two phase YbDS þ YbMS coating observable by a difference in gray scale contrast when imaged in the scanning electron microscope using backscattered electrons (BSE mode imaging), Fig. 2(a) . In the coatings studied here, the YbMS volume fraction was~15%, and can be seen in Fig. 2(a) as elongated (ellipsoidal) regions of a lighter contrast phase oriented in the plane of the coating. YbMS precipitates can also be seen in the YbDS topcoat, Fig. 2(b) , consistent with prior studies of this system [54] . Though the topcoat is a mixture of YbDS and YbMS, it will be referenced as the "YbDS layer" for convenience.
The APS powders used for deposition were the same as those used in prior EBC research [54] , and consisted of a specially produced stoichiometric YbDS powder (Treibacher Industrie Inc., Toronto, ON) and APS grade SL-111 Si powder (Micron Metals, Bergenfield, NJ). The YbDS powder size distribution was the same as that previously reported (from 20 to 50 mm). The Si powder was sieved before use to remove fine and coarse particles so that its powder diameter ranged between 70 and 110 mm. The spray parameters for Si deposition were adjusted to result in a low porosity Si bond coat similar to that previously reported [33, 54] , Table 1 . Its rough surface, Fig. 2 (a) and (b) was intended to improve adhesion between the two coating layers.
Both the Si and YbDS layers were deposited onto substrates placed in a box furnace held at a temperature of 1200 C. To reduce oxidation of the SiC and Si bond coat surfaces during deposition, an Ar/H 2 reducing gas mixture was continuously flowed through the furnace at a rate of 20 slm. After deposition of the Si layer, the reducing gas flow was terminated and the YbDS layer was then deposited into the furnace. The coated samples were finally stabilization annealed (to transform metastable phases) at a temperature of 1300 C in air for 20 h [1,25,28,30e34].
Steam cycling
Coated substrates were isothermally cycled in a steam-cycling furnace. The thermal cycle consisted of a 60 min hot (1316 C) and a 10 min cold (110 C) cycle conducted within an atmospheric pressure, 90% H 2 O/10% O 2 gas flow with a flow speed of 4.4 cm/s (equivalent to a volumetric flow of 4.1slm). The environment local to these substrates during steam cycling is shown in Fig. 3 . For the testing configuration used here, 4 samples were initially cycled simultaneously, with one being removed after 250, 500, 750 and 1000 cycles. This was followed by the testing of a fifth sample subjected to a multi-sample exposure for 500 cycles and 1500 additional cycles with just a single sample in the furnace (for a total of 2000 cycles). During steam cycling, all the samples were examined optically every 100 cycles to assess damage.
The environmental flow conditions were similar to those previously used for steam-cycling studies [32, 33] , and approximate the 4 were formed every second while four samples were in the furnace. Using experimental thermochemical data for the similar YeSieO system [56] , the equilibrium partial pressure of Si(OH) 4 ,was found to be 4.97 Â 10 À6 atm. Since the gas flow rate through the steam-cycling furnace was 4.1 slm, the Si(OH) 4 concentration was 40% of the saturation limit with four samples in the furnace, but only 10% of the saturation limit with a single sample present. Testing the 2000 cycle sample individually for its last 1500 cycles in a low Si(OH) 4 concentration environment then enabled the surface volatilization of the YbDS layer to be observed and characterized. The single sample 2000 cycle test was therefore intended to investigate the combined effects of steam volatilization of the YbDS layer and thermal cycling while the other four samples enabled study of the thermomechanical response of the EBC system and the effects of steam reactions with edge exposed TGO.
Coating characterization
X-ray diffraction (XRD) measurements of the YbDS topcoat using X'Pert Pro MPD software (PANalytical, Westborough, MA) were performed on some samples. These samples were sectioned, polished, and examined with a Quanta 650 field emission scanning electron microscope (FEI, Hillsboro, OR) operating in the backscattered electron (BSE) mode. All images were collected under low-vacuum conditions. A gamma correction was applied to the images to enhance relative contrast between high and low-Z materials [32, 54] . Energy dispersive spectroscopy (EDS) was used for elemental microanalysis (X-Max N 150 SDD, Oxford Instruments, Concord, MA). EDS spectra were captured using a 10 kV accelerating voltage and small spot size to minimize fluorescence interactions [47] . Average TGO layer thicknesses were determined from 50 different areas equally spaced across the coating cross-section. The thickness of oxide scale perpendicular to the local silicon bond coat surface of each sampled area was measured at about hundred evenly spaced locations across the coating cross-section and averaged. The standard deviation of these average oxide scale thickness was 100 nm or less, however, as shown later, the difference between the thinnest and thickest TGO thickness was much larger than this. It should also be noted that the measurements used to compute an average thickness were collected from locations where the TGO layer was pore-free and flat. Raman Spectroscopy, using an inVia microscope (Renishaw, Hoffman Estates, IL, was used to identify the TGO phase [23, 24] . Raman analyses were performed using a 50Â lens with a numerical aperture of 0.5. An argon laser (488 nm) was used as the light source. Approximately 99% of the Gaussian distributed incident light of the source resided within a 1 mm diameter circle on the sample, yielding a spatial resolution for this technique of~1 mm.
Energy release rate and residual stress calculations
Thermomechanical analyses of coating residual stresses, and associated strain energy release rates (ERR) during debonding of the elastic coating system, were calculated using the LayerSlayer [57] software package. All ERR calculations assumed that the coating layers remained elastic during cooling and ignored stress relief by mechanisms such as cracking or creep which can be significant at temperatures above 800 C [58] . The ERR analysis was therefore similar to that previously applied to tri-layer EBC systems [32, 33] . The thermophysical properties and the small residual stresses calculated for this elastic coatingesubstrate bi-layer after cooling from the stabilization (stress free) annealing temperature of 1300 C (before TGO growth had commenced) are listed in Table 2 [59e68].
Results
Six low porosity YbDS on Si bi-layer coatings were deposited on SiC substrates using the optimized APS approach. A photograph of the coated surface of one of the samples after deposition of its coating is shown in Fig. 4 (a) and after stabilization annealing in Fig. 4(b) . The average thickness of the YbDS layer for each sample is reported in Table 3 . Slight variations in thickness of the YbDS layer were observed between individual coatings and over the crosssection of a single coating. The thickness of the majority of the top coat for each sample generally varied within ±10 mm of the reported average. However, small areas of substantially thicker or thinner thickness (up to ± 20% of the average) were occasionally observed which is typical for an APS process [54] . The thickness values reported in Table 3 are the average of fifty measurements taken normal to the substrate surface (10 values sampled from five different regions across the coating). One of the samples was used to characterize the coating composition and structure while the remainder were steam cycled between 110 C and 1316 C.
While edge damage was evident upon optical inspection of most samples, the damage did not appear to have affected the sample center even after 2000 cycles, Fig. 4(c) , and none of the coatings had spalled in locations other than the coating edges. Fig. 5 shows BSE mode SEM images of the as-deposited and annealed coating cross sections, and a selection of those that had been steam cycled. Minimal changes in layer thicknesses and coating structure were apparent in these low magnification images at the coating center. Examination of these images indicated the gradual (and very minor) formation of a new TGO phase at the YbDSeSi interface, Fig. 5 , and the appearance of a layer of porous and microcracked material at the outer surface of the YbDS layer in the sample removed from the furnace after 2000 steam cycles, Fig. 5(f) .
Thermally grown oxide (TGO)
When examined by SEM in the BSE imaging mode, a darker gray phase was found at the YbDSeSi interface of all of the steam-cycled coatings, Fig. 6 . This dark gray phase was observed to be dense but of variable thickness in each sample. An EDS analysis of the layer revealed that it contained only Si and O. Since there are 11 crystalline polymorphs of silica and two other non-crystalline phases [69] , Raman analysis of the layer was performed to identify which phase had formed. The only spectral peaks present not belonging to Si had wavenumbers of 230 cm À1 and 416 cm . This a-cristobalite had presumably formed as b-cristobalite at 1316 C and transformed on cooling through 220 C to the a phase. Cristobalite has previously been identified as the TGO phase formed upon a Si bond coat during thermal cycling at this temperature [32, 33] , and on SiC oxidized at comparable temperatures [2, 73] , even though it is not the equilibrium phase at this temperature [74] . [76] . Examination of Fig. 6 indicates that the average thickness of the thermally grown oxide (TGO) increased with high temperature exposure time, reaching a thickness of a few micrometers after 2000 steam cycles. The TGO was dense and adherent in all samples. The average measured thickness, h' of the TGO near the center of the steam-cycled samples is plotted as a function of hot exposure time (number of cycles times 1 h) in Fig. 7(a) . The measured oxide thickness depended upon accumulated time, and h'(t) at 1316 C could be well fitted to a linear relation: h'(t) ¼ h o þ k l t where the linear rate constant k l ¼ 1.2 nm/h and h o ¼ 140 nm. This h o value agreed with other observations of annealed coatings (not shown) that had a TGO thickness before steam cycling of 100e200 nm.
Careful examination of the TGO layer of the sample exposed to 2000 steam cycles, Figs. 6(d) and 8(a) shows that it contained closely (~2 mm) spaced vertical (channel type) cracks that fully penetrated the oxide layer. Occasionally, one of these cracked segments had also delaminated from the underlying Si layer, especially in regions where the local TGO thickness varied, Fig. 8(a) . Channel type cracking of the TGO was also observed in the sample exposed to 1000 steam cycles, Fig. 8(b) , but to a much lesser extent than the 2000 cycle sample. This channel cracking was only observable in the SEM in samples exposed to 1000 or 2000 steamcycles whose TGO thicknesses were 1 mm or more. The separation distance between the crack faces was measured to be in the range of 3e10 nm implying that the crack face separations accommodated an inplane equivalent strain (500 cracks per mm Â 5 nm/per crack) of 0.25%.
YbDS volatilization
The 2000 steam-cycle topcoat was observed to have suffered a surface reaction with the steam environment, Fig. 5(f) . X-ray Mass Attenuation Coefficients [77] indicate the maximum depth of penetration of 45 kV X-rays is~75 mm for YbDS and~56 mm for YbMS. Since the majority of the diffracted signal in an XRD experiment therefore originates from a region within a depth of 20 mm from the surface, XRD is a suitable technique for a phase analysis of the surface volatilized region. Fig. 9 shows an XRD pattern of the surface of the sample subjected to 2000 cycles and compares it to that of a sample in the annealed condition. All indexed peaks could be attributed to one of three phases previously identified in this system [54] . The XRD patterns for the thermally cycled surface indicated a significant increase in the volume fraction of (the I2/a structure) YbMS phase which was present in addition to (the C2/m structure) YbDS. Only a trace amount of a metastable (P21/c structure) YbMS phase was identified. Fig. 10(a) shows a higher magnification BSE image of the cross sectional surface of a steam volatilized YbDS region: the environmentally attacked YbDS layer was 5e15 mm thick. Yb and Si EDS dot maps are presented in Fig. 10(b) and (c). These dot maps and the lighter surface BSE contrast indicate an increased Yb (and reduced Si) content in the surface volatilized layer compared to the unaffected material below. Based upon the crystallographic identification of only YbMS and YbDS by XRD and the differences in Yb and Si content indicated by EDS, this surface volatilized layer was identified as predominantly YbMS, consistent with steam jet studies [78] . Fig. 11 shows three higher magnification BSE mode SEM images of the 2000 cycle sample surface. They show that the surface layer had also become porous. The pores had roughly circular cross sections but were long in length, and many were connected to the surface of the coating. The porosity of this surface layer, and reduced SiO 2 content when compared to the as-deposited topcoat, are consistent with loss of SiO 2 from the YbDS layer during steam cycling, leaving YbMS that has exhibited a greater resistance to volatilization [30, 78] . These observations suggest that a YbDS topcoat might be able to provide better than anticipated environmental protection under the test conditions used here.
Several forms of mechanical damage are evident in the sample surface exposed to 2000 h of flowing steam and oxygen at 1316 C, Fig. 11 . Some areas underwent vertical cracking of the adherent, but porous YbMS surface layer, Fig. 11(a) , with very large crack opening displacement. In other areas, Fig. 11(b) , delamination cracks had resulted in spalling of the compositionally modified surface region. Elsewhere, channel cracks propagated deeply into the unaffected YbDS region and intersected a delamination crack within the unaffected YbDS region, Fig. 11(c) . The damage was consistent with inplane shrinkage due to SiO 2 loss and residual stresses that arise upon cooling; a consequence of the large CTE mismatch between YbMS (7.5 Â 10 À6 C
À1
) and the YbDS (4.1 Â 10 À6 C
) [33] .
Edge delamination
Only the edges of the coatings were observed to undergo delamination, the severity of which increased with exposure time as shown in Fig. 12 . It was manifested as a lifting-off of the coating edge. This edge delamination occurred despite attempts to extend the coating over the sides of the substrate by chamfering the corners, as can be seen in Fig. 12(a) . The edge failure mode began with oxidation of the thin Si bond coat at the side of the substrates forming the darker gray TGO phase that can be seen with BSE imaging, Fig. 12(b) . EDS and Raman analyses of this dark gray phase confirmed it to be a-cristobalite (SiO 2 ). This edge SiO 2 layer underwent rapid steam volatilization and mechanical spallation, Fig. 12(c) . As this consumed the Si bond coat at the edge of the samples, it allowed the YbDS layer to bend away from the substrate surface. The distance of oxygen penetration from the sides of the sample, and therefore lateral distance of TGO growth and coating delamination from the edge of the sample, all increased with accumulation of steam cycles. After 2000 cycles, the coating showed a reverse curvature, Fig. 12(d) .
Discussion
The results presented above indicate that the use of an APS deposited bilayer Si/YbDS EBC provided up to 2000 h of protection from volatilization during steam cycling between 110 and 1316 C in an atmospheric pressure, 90% H 2 O/10% O 2 environment. The YbDS layer impeded the transport of oxidizing species to the Si bond coat resulting in slow TGO layer thickening. Prolonged thermo-cyclic testing in slowly flowing steam containing a low partial pressure of Si(OH) 4 resulted in the gradual loss of SiO 2 from the outer surface of the YBDS top coat accompanied by its conversion to YbMS. There was no evidence of residual stress driven channel cracking or delamination of the coating system, consistent with the good CTE matching in the substrate coating system. However, significant edge delamination was observed which slowly advanced inwards from the periphery of the substrates. This edge delamination was initiated by oxidation of the environment exposed bond coat at the sides of the test coupons, and was aided by the development of a bending moment in the coating as the YbDS outer surface was converted to YbMS with a significantly higher CTE coefficient.
Oxide growth at the bond coat surface
After 2000 h of steam and oxygen exposure at 1316 C, the thickness of the cristobalite TGO oxide layer formed in the YbDS/Si system had only reached 2.5 mm. This contrasted sharply with similar studies of YbMS protected silicon layers on the same substrate where TGO thicknesses of 15e150 mm (depending upon the coating structure) were observed after less than 400 h of identical environmental exposure [32, 33] . In the YbMS coated system, very rapid oxidation occurred because channel cracks fully penetrated the YbMS layer and arrested in the silicon bond coat. This provided a very rapid, gas-phase transport path for both oxygen and H 2 O vapor to the silicon surface. Deal and Grove [79] have shown that the rate of TGO growth rate on silicon was much higher for H 2 O than dry O 2 . The slow TGO growth rate observed far from the sample edges of the channel crack free YbDS coated samples indicates that solid-state diffusional transport of the oxidizing species 
where c is the concentration of the oxidizer (presumed here to be oxygen anions). The partial pressure of O 2 at the exterior sample surface during steam cycling was 0.1atm. Using the ideal gas law, this partial pressure can be converted to an oxygen concentration (number of moles of O 2 (n) per unit volume, V);
where P is the O 2 partial pressure, R the Universal gas constant and T the absolute temperature. The oxygen partial pressure at the YbDS-SiO 2 interface is established by local thermochemical equilibrium, and was calculated, using the FactSage software program [80] , to be 4.29 Â 10 À10 atm at 1316 C. The concentration of oxygen anions at the bond coat surface was therefore very small compared to that at the outer surface. If D O is constant throughout the YbDS coating, this implies that the oxidizing flux, J(x) reaching a growing SiO 2 layer is inversely related to the thickness of the YbDS layer through which it has diffused. If all this flux was consumed in silica formation, the TGO thickness will vary inversely with the thickness of the diffusion barrier. The topcoat thickness therefore provides a practical means for controlling the rate of growth of the TGO layer. This observation also enables the thickness of the TGO layer as a function of time, h'(t) for samples with variable thickness diffusion barriers (observed here), to be related to that for a diffusion barrier of constant thickness, h(t) by:
where x meas is the measured YbDS thickness that gave h'(t) and x tar is the target YbDS thickness that gives h(t). Each measured TGO thickness, h'(t) has been adjusted using Equation (2) to that for a 100 mm YbDS layer thickness (x tar ¼ 100 mm), and these values have been plotted as a function of oxidation time in Fig. 7(b) . The silica layer thickness remained linearly related to the oxidation time, but with a slightly altered linear rate constant k l ¼ 1.44 nm/h. It is also possible to make a preliminary estimate the oxygen diffusion coefficient, D O in the YbDS layer. If _ m O is the mass of the oxygen ions that diffuse through the YbDS per unit area per unit time, and if M O is the molar mass of oxygen atoms, the oxygen flux incident upon the TGO surface is: 
If _ G SiO2 is the TGO growth rate (in mass per unit area per unit time) and 2M O =M SiO2 the mass fraction of oxygen anions in SiO 2 , the mass of oxygen ions that diffuse through the YbDS per unit area per unit time is;
Since the TGO mass growth rate is simply the linear growth rate of the TGO, k l , multiplied by the density of cristobalite, r c , combining Equations (3) and (4) gives the oxygen flux incident upon the TGO surface;
Substituting k l from the experiments into Equation (5) and using handbook values for the density and molar mass of cristobalite gives the oxygen flux incident upon the TGO:
$s
From Equation (1), the concentration gradient of the oxygen ions across a 100 mm thick YbDS layer is:
Thus, the estimated oxygen diffusion coefficient in YbDS at 1316 C is:
This value of D O is high in comparison to monatomic oxygen diffusion coefficients of other oxide materials at this temperature [81] , but consistent with relatively fast boundary diffusion of oxygen in a YbDS layer with a grain size of 1e2 mm. It was also noted that as it thickened, the TGO eventually underwent channel cracking, and the protective qualities of the oxide layer may have been compromised since these TGO cracks provide a faster transport path to the underlying silicon.
Steam volatilization of YbDS surface
The exposure of YbDS to H 2 O vapor at 1316 C in a low Si(OH) 4 concentration environment has resulted in the formation of a porous YbDS surface layer. The origin of the porosity in the environmentally affected surface layer is consistent with SiO 2 (mass) loss from the YbDS layer by formation gaseous Si(OH) 4 leaving behind a reduced volume region of YbMS. If Yb is assumed to exhibit no volatility, the resulting volume reduction during conversion of YbDS to YbMS is 26%. Since the coating is laterally constrained, this volume reduction (under a state of biaxial tension in a material of very low creep strength [58] ) has resulted in a porous surface layer. The initial stage of this creep enabled pore formation mechanism is schematically illustrated in Fig. 13(a) . As exposure continues, the pores resulting from SiO 2 volatilization grow into the coating extending the open porous structure. Volatilization can then occur by a gas path diffusional route involving simultaneous transport of water vapor into, and Si(OH) 4 out of the coating. The close spacing of the tunneling pores is such that the solid-state diffusion distance to convert the YbDS to YbMS is small, Fig. 13(b) .
Delamination energy release rate
The various fracture processes observed in the YbDS/Si system are at first surprising since there are very small differences between the CTE of the substrate, silicon and YbDS layers in this system, Table 2 . As a result, the elastic residual stresses needed to drive delamination and other fracture processes are small. However, the formation of a b-phase cristobalite SiO 2 layer at the YbDS/Si interface can result in larger residual stresses being formed upon cooling, especially after the b to a transformation upon cooling through 220 C [32, 33] . The strain energy release rates (ERRs) available to drive the growth of delamination cracks have been estimated for each of the interfaces in this system using the LayerSlayer technique [57] and the thermophysical data in Table 2 . They are plotted as a function of the fraction of the Si bond coat converted to SiO 2 and equivalent TGO thickness in Fig. 14 . The ERR calculations were performed using both the Young's elastic modulus of fully dense (E Bulk ) YbDS and a modulus reduced to 50% of this value (E APS ) typical of low porosity APS materials [59,82e86] . For Si, the calculations used the polycrystalline bulk elastic modulus and a recent measured elastic modulus for a porous APS deposited Si bond coat [59] . Fig. 14(a) uses the elastic moduli of fully dense coating layers while Fig. 14(b) uses the lower moduli for the Si and YbDS layers given in Table 2 . The APS coatings investigated here are expected to lie between these two bounding sets of calculations. These energy release rates are 1e2 orders of magnitude lower than those calculated for the YbMS/Al 6 Si 2 O 13 /Si tri-layer EBC system [32, 33] , which is consistent with the significantly better delamination resistance of the YbDS system.
In the as-deposited and the annealed states, the TGO layer was very thin, and the ERR calculated for all interfaces in the system were below 13 J/m [2] using bulk elastic moduli, Fig. 14(a) , and below 8 J/m 2 for APS-like elastic modulus. During steam cycling the TGO thickness increased (at the original YbDSeSi interface), the ERR for delamination of the YbDS on SiO 2 interface remained Table 2 .
almost constant, independent of the TGO thickness. This arose because the strain released by the YbDS layer (when freed from the underlying system) was very low since there is a good CTE match between Si and SiC, and the TGO layer had only a slight effect upon the strain energy that remained stored in the portion of the system that was still attached to the substrate. Comparison of Fig. 14(a) and (b) shows that the ERR for delamination at the SiO 2 -YbDS interface decreased by a factor of two when the bulk elastic moduli were replaced by the lower elastic moduli.
It is interesting to note that growth of the TGO initially decreased the driving force for failure at the SiCeSi and SieSiO 2 interfaces, consistent with the excellent delamination resistance exhibited during the steam cycling experiments. The reason for this is that upon delamination, the tensile stresses in the oxide compress the YbDS layer in the delaminated state, implying that less of its strain energy in the intact state is released during delamination. (Conversely, the YbDS layer acts to retain a portion of the oxide stress in the delaminated state, such that not all of the oxide's strain energy is released by delamination).
This mechanism for reduction in ERR, in which the strain energy in the delaminated bilayer is maintained to permit less energy to be released from the intact state, has been previously elucidated in a theoretical study of a different system [87] . This mechanism relied critically on the relative thickness of the layers, and the CTE mismatch between all layers. In the present case, as the oxide layer thickness grows, the balance of compressive and tensile energy in the delaminated bilayer is lost, and the release of strain energy in the TGO dominates the behavior.
The importance of the relative bending and stretching stiffness of the delaminated bilayer is highlighted in the results for the APS system; decreasing the modulus of the YbDS decreases the initial value of the energy release rates (by a factor of two, as expected), but then proves less effective in maintaining strain energy in the delaminated state. That is, a topcoat with a lower modulus is less effective in retaining strain energy in the TGO after delamination, leading to larger energy release rates. It is also clear that if the TGO undergoes channel cracking before delamination, this provides a mechanism for partial relief of its tensile stress, resulting in a reduction in the changes to the ERR seen in Fig. 14. 
TGO channel cracking
Channel cracking of the TGO as its thickness increased could be seen in Fig. 6 . Vlassak has calculated the strain energy release rate (G SS ) during steady state channel cracking of a thin coating [88] , using a method developed by Bueth [89] and showed that;
where s is the layer stress, t the thickness, n is Poisson's ratio, and E the elastic modulus of the TGO layer. The function g represents the crack opening displacement in terms of the Dundurs parameters (a, b).
The measured TGO-channel crack opening displacement for a t ¼ 1.5 mm thick TGO was of 3e10 nm (Section 3.1). Using mechanical properties presented in Table 2 , G SS ranges from 6.8 N/m for a 3 nm crack opening displacement to 22.5 N/m for a 10 nm crack-opening dimension at a TGO thickness of 1.5 mm. By comparison, the critical strain energy for cracking, G IC for a-cristobalite has been estimated to lie in the range of 7.1e7.7 N/m [90] . Therefore, channel cracking of the TGO becomes energetically favorable for TGO thicknesses exceeding~1.5 mm. This is in reasonable agreement with the dependence of the onset TGO channel cracking upon TGO thickness (exposure time) reported in Section 3.1, and is consistent with the absence of delamination other than at the edges of the coatings in any of the steam cycling experiments.
Edge delamination
The tests conducted here used samples that were coated on only one side. As a result, the edges of the coatings were exposed to the steam environment during testing. Delamination of the coating was observed to progress from these regions, Fig. 12 . There are two processes contributing to edge delamination and the upward bending of the delaminated coating schematically, Fig. 15 . The first was oxidation of surface exposed silicon to form SiO 2 which incurs more than a 100% volume increase [32, 33] . TGO was first formed at the edge of the sample where the silicon bond coat was in direct contact with the water vapor rich environment, Fig. 15(a) . Deal and Grove [79] have shown that the oxidation rate of silicon in steam is much faster than of dry oxygen, and this appears to have resulted in the very rapid edge surface oxidation observed here, Fig. 12 . Examination of Fig. 12(d) , shows that the entire silicon bond coat was oxidized and steam volatilized after a 2000 h exposure at 1316 C.
As oxide growth advanced inwards from the coating edge, the dilation associated with the formation of SiO 2 acted as a wedge inserted at the interface between the Si and YbDS layers, Fig. 15(b) . As this wedge extended laterally along the Si bond coat, the YbDS topcoat above was subjected to a bending load which was partially relieved by creep deformation (since YbDS has a low creep flow strength at the upper testing temperature of 1316 C) [58] . The aÀcristobalite TGO has a larger CTE than the YbDS layer which would create a tensile stress in the TGO on cooling that counteracts the upward bending. However, the TGO underwent a b / a cristobalite phase change on cooling, resulting in TGO microfracture and strain relaxation of the TGO stress during cooling below 220 C. This also enabled the SiO 2 at the exposed edge to spall, and for that which remained to be volatilized more rapidly by the steam environment (a consequence of its increased specific surface area). The removal of material at the exposed back of the wedge also allowed oxidation to continue at the un-oxidized front, thereby permitting the wedge to rapidly advance inwards towards the coating center, Fig. 15(b) . It is also noted that a second component to the upward bending (and opening of the delaminated edge) was induced by the development of a YbMS layer on the outer surface of the YbDS layer with a CTE almost twice that of the YbDS layer.
Conclusions
YbDS/Si bi-layer EBCs were deposited onto SiC substrates using a previously optimized APS approach. Five samples were isothermally steam cycled in a slowly flowing 90% H 2 O/10% O 2 environment using 60 min hot (1316 C) and 10 min cold (110 C) cycle. It was found that: c) The oxygen diffusion coefficient for the YbDS layer at 1316 C was calculated from TGO thickening kinetics to be
, consistent with the oxygen diffusion coefficients for other complex oxides at this temperature. d) Linear bond coat oxidation to form microcrack-free cristobalite has been estimated to terminate at a TGO thickness of 300 nm whereupon the growth rate would transition to parabolic behavior controlled by diffusion through the uncracked TGO. However, TGO-channel cracking was observed providing diffusive short-circuits through the scale and extending the linear oxidation regime indefinitely. e) The estimated ERR for delamination in the system were predicted to remain below 20 N/m for cristobalite scales up to 5 mm in thickness (twice that after 2000 cycles of oxidation), consistent with good adherence of the bi-layer coating far from its edges. f) Oxidation of the bond coat at the edge of the samples initiated delamination cracking at the bond coat-YbDS interface. This damage progressed towards the interior of the samples as the number of cycles increased due to a combination of TGO microfracture and steam volatilization of the surface connected TGO layer. g) Loss of SiO 2 from an approximately 15 mm thick surface layer of the YbDS layer was observed after prolonged steam cycling at 1316 C in lower Si(OH) 4 partial pressure test environments. This was accompanied by the formation of creep-enabled voids that, in combination with channel cracks, relieved the significant shrinkage stress associated with SiO 2 loss.
The dense YbDS/Si bi-layer EBCs deposited in this study had excellent steam-cycling durability while providing total aerial coverage. This combination of attributes indicates that the system may be a viable option for some isothermal applications up to 1316 C. Further analysis of mechanical properties and the effect of thermal gradients would be necessary to assess the viability of the system for use in rotating and internally cooled applications.
